Forced ventilation or newly built vertical shafts are mainly used to solve ventilation problems in large underground cavern groups. However, it is impossible to increase air supply due to the size restriction of the construction roadway, resulting in ventilation deterioration. Based on construction of the Jinzhou underground oil storage project, we proposed both a summer ventilation scheme and winter ventilation scheme, after upper layer excavation of the cavern is completed and connected with the shaft. A three-dimensional numerical model validated with field test data was performed to investigate air velocity and CO concentration. Fan position optimization and the influence of temperature difference on natural ventilation were discussed. The results show that CO concentration in the working area of the cavern can basically drop to a safe value of 30 mg/m 3 in air inlet and exhaust schemes after 10 min of ventilation. Since there is inevitably a back-flow in the winter ventilation scheme, it is necessary to ensure that airflow is always moving towards the shaft. Optimal placement of the axial flow fan at the shaft bottom is on the central axis of the cavern, 5 m away from the shaft. The greater the temperature difference, the better the natural ventilation effect of the shaft. The natural ventilation effect of the shaft as an outlet in winter, is better than that of the shaft as an inlet in summer.
Introduction
The strategic reservation of oil and natural gas is an important means to ensure a safe and stable supply of energy and normal operation of the country. According to provisions of the International Energy Agency (IEA), emergency oil reserves of member states should be equivalent to 90 days' consumption in the previous year. China is short of oil resources and the contradiction between supply and demand has been increasingly prominent in recent years [1] [2] [3] . The total annual oil demand in China is expected to exceed seven billion tons by 2020, of which two thirds needs to be imported, therefore fluctuation of the international oil price is becoming more and more important to China's economy. Underground water-sealed storage of liquefied petroleum gas (LPG) in unlined rock caverns is widely considered a technically sound and economically feasible storage method due to its reduced land occupation, higher security, lower cost, and increased environmental benefits. Since the 1970s, China has built a series of underground energy storage caverns in Huangdao, Xiangshan, Ningbo,
Project Overview

Layout of Underground Structures
The Jinzhou underground water-sealed oil storage caverns are located in Liaoning province, in the northeast area of China. Jinzhou is located in the semi-humid monsoon climate zone of the north temperate zone. It is cold and dry in winter, with obvious monsoons and strong winds. The maximum annual temperature is 34.1 • C and the lowest temperature is −21 • C. The design storage capacity of the project is 300 × 10 4 m 3 for crude oil, which mainly consists of two parts: underground engineering and ground engineering. The underground engineering is mainly composed of eight storage caverns, four inlet oil shafts with a diameter of 3 m, four outlet oil shafts with a diameter of 6 m, connecting roadways, construction roadways, and an artificial water curtain system ( Figure 1 ). Each storage cavern is arranged in parallel, in an east-west direction, and 19 m wide, 24 m high, and 934 m long. The section area is 436.2 m 2 , bottom elevation of the cavern is −80 m, top elevation is −56 m, and ground elevation is 0 m. Section size of the construction roadway and the connecting roadway are the same, both 8 m (width) × 8 m (height). The storage cavern is divided into three layers for construction by adopting the drilling and blasting method, the excavation height of each layer is 8 m. Forced ventilation is employed before completion of the upper layer construction and the SDZ-12.5 axial flow fans with Φ1.8 m duct are arranged at the entrance of the construction roadway. However, pollution sources in the middle and bottom layer are generally larger than the upper layer excavation due to increases in the amount of excavation and working faces. Because of size restriction of the construction roadway, forced ventilation cannot meet environmental requirements in the cavern. 
Principle of Natural Ventilation
The ventilation shaft is often used to solve the ventilation problem during the construction period of the cavern group, so as to reduce the length of single-head ventilation. At the same time, natural ventilation can be fully utilized to reduce energy consumption in seasons with large temperature differences between the inside and outside of the cavern [30] [31] [32] [33] . Natural wind flow in the cavern is caused by the temperature difference between the inside and outside of the cavern, horizontal pressure differences between air inlet and outlet points, and natural wind flow outside the cavern. Normally, dynamic pressure converted by atmospheric wind flow outside the cavern and the horizontal pressure difference have little effect on natural wind pressure. Natural wind pressure mainly depends on the thermal potential difference. Therefore, two key factors affecting natural wind pressure are the density difference between air columns 0-1 and 2-3, due to the temperature difference inside and outside the cavern and depth of the ventilation shaft as shown in Figure 2 . In winter, the outside temperature is lower than the temperature inside the cavern and the density of air column 0-1 is higher than that of 2-3. Natural wind flow enters the cavern from point 1 and discharges from point 3. In summer, the direction of natural wind is opposite. Natural air volume Q N is determined by natural ventilation pressure and ventilation resistance. It can be calculated by the following Formulas (1)- (4) :
where Q N is natural air volume (m 3 /min), A is excavation area of the cavern (m 2 ), v is the average air velocity in the cavern (m/s), λ is the wall friction coefficient, λ = 0.02, L T is cavern length (m), d T is the equivalent diameter of the cavern (m), ρ is air density (kg/m 3 ), P is the standard atmospheric pressure (Pa), and T is Kelvin temperature (K). Because the temperature inside the cavern experiences little change, the natural ventilation volume caused by the thermal potential difference is discussed with temperature inside the cavern being 15 • C and 20 • C. When there is a shaft in the cavern, thermal potential difference under the effect of temperature difference, has a great influence on air flow in the cavern as shown in Figure 3 . It changes not only air volume in the cavern, but also the direction of airflow. 
Ventilation Scheme
Some successful engineering cases have shown that natural ventilation in underground caverns can assist the original mechanical ventilation system, largely reducing energy consumption [34] . When upper layer excavation of the cavern is completed and connected with the shaft, we present the summer ventilation scheme and winter ventilation scheme as shown in Figure 4 . Under the combined action of shaft height difference and temperature difference inside and outside the cavern, the orderly air circulation network can be formed and polluted air discharged by reasonable planning of the ventilation path and fan configuration, as well as effective utilization of natural wind in the shaft. In summer (June to August), shafts are used as the fresh air inlet and the construction roadway as the outlet of polluted air. Fewer jet fans are arranged in the air intake section and more in the polluted air discharge section, while fewer are in the large cross-section and more in the small cross-section. In winter (December to February), axial flow fans with Φ1.8 m ducts are arranged at the entrance of the construction roadway and used to supply fresh air to the working face, where the polluted air is discharged through the shafts. In spring (March to May) and autumn (September to November), the choice of ventilation scheme is mainly based on location of the excavation face. For example, when the excavation face is near the shaft, the winter ventilation scheme is adopted. When the excavation face is near the connecting roadway, the summer ventilation scheme is selected. In addition, the shift of the two ventilation schemes is very convenient in the construction site and multiple shifts are not needed. 
Field Test
The overall goal of the ventilation field test is to simultaneously obtain air velocity and CO concentration in the oil storage cavern and construction roadway. Before completion of the upper layer construction, the SDZ-12.5 axial flow fans with Φ1.8 m ducts, arranged at the entrance of the construction roadway, were used for forced ventilation as shown in Figure 3 . The main cavern was arranged with a test cross-section every 100 m in the longitudinal direction, with a total of six test cross-sections. There were a total of seven cross-sections to be tested in the construction roadway. A hot-wire anemometer with a resolution of 0.01 m/s was used to test air velocity and a M4 gas detector with a resolution of 0.1 ppm was employed to test CO gas concentration. Because the air velocity and CO gas concentration vary with location, it is important to increase the number of test points to obtain average air velocity and CO gas concentration of the cross-section [23] . Therefore, the cross-section of the main cavern is divided into six parts and the cross-section of the construction roadway is divided into four parts as shown in Figure 5 . Air velocity and CO gas concentration in each part are averaged to be V a and C a separately. Consequently, the value of V a and C a can be calculated with the following equations:
where i = 1, . . . , 6 for the section of the cavern upper layer, i = 1, . . . , 4 for the construction roadway, and A i is the area of part i in the cross-section. 
Computational Model
Model Description
Construction of the Jinzhou oil storage project consists of two contract sections. The object of our work is the first section, including cavern one to cavern four, the shafts, the construction roadway, and the connecting roadway. Analysis of airflow and gas evolution taking place after blasting in a development cavern can be successfully carried out by means of computational fluid dynamic (CFD) modelling. Therefore, the commercial computational fluid dynamics (CFD) software ANSYS FLUENT 17 was employed to solve numerical models. The three-dimensional unsteady component transport model was used to solve the governing equations and the standard two-equation k-ε turbulence model, which has been extensively validated by the scientific community and widely applied to tunnel ventilation systems was applied to simulate turbulence [35, 36] . The three-dimensional size of the computational model is exactly the same as the actual project. The X direction is the axis direction, Y direction is the width direction, and Z direction is the height direction of the cavern as shown in Figure 6 . In consideration of computing scale, stability, and convergence of the simulation, a regular hexahedron grid with a quality of 0.52 was used in the model meshing. 
Setting the Boundary
The boundary conditions are specified as follows: (1) the velocity-inlet boundaries were applied to the outlet of the air duct, fan and airflow velocity of the air duct were 15.7 m/s, and the value in the outlet of the axial-flow fan and jet fan were 20 m/s and 40 m/s respectively; (2) the pressure outlet boundaries were considered to be in the entrance of the construction roadway in Figure 4a and shaft mouth in Figure 4b ; (3) the non-slip wall boundary condition was applied on the solid wall of the tunnel and a value of 0.07 m of wall roughness was applied on the tunnel wall [37] .
A large amount of gas is generated after blasting and carbon monoxide (CO) and oxides of nitrogen are highly toxic. Because of the superior stability of chemical and physical properties of CO compared to nitrogen oxide, CO is used as an evaluation index in ventilation calculation. The amount of nitrogen oxide is converted to the equivalent of carbon monoxide at a ratio of 1:6.5. According to actual construction conditions, initial throwing length and average CO concentration are calculated by the following equation and shown in Table 1 [38] .
(1) The CO throwing length:
(2) The initial average CO concentration:
where C 0 is initial CO concentration (mg/m 3 ), G is the amount of explosive (kg), L OT is the throwing length (m), b is toxic gas produced per kilogram of explosive (m 3 /kg), b is generally valued at 0.04, and A is the excavation area (m 2 ). 
Validation with Field Ventilation Test Data
The field test data of air velocity and CO concentration in the forced ventilation of the Jinzhou oil storage cavern were used to validate the present numerical model. The simulated data was compared to measured values as shown in Figure 7 . It can be found that prediction of air velocity in the main cavern and construction roadway agrees quite well with the field test. Average errors in the main cavern and construction roadway are 10.3% and 8. 
Results and Discussion
Ventilation Effect in the Summer Ventilation Scheme
The CO mass concentration migration and distribution law in different ventilation time periods (5 min, 10 min, 15 min, 20 min) in the cavern are shown in Figure 8 . It can be seen that CO gas in the vicinity of the middle step moves toward the connecting roadway with the increase in ventilation time. After 15 min of ventilation, it reaches the vicinity of the connecting roadway and polluted air is gradually discharged out of the tunnel through the construction roadway. The CO concentration, in most parts of the caverns, was reduced to below the national safety standard value of 30 mg/m 3 after 20 min of ventilation. Although a small amount of high concentration CO gathered near the connecting roadway, it would not affect normal operation of the working area (approximately 300 m away from the excavation face) because the section area of the construction roadway is smaller than that of the cavern and more jet fans are arranged so that CO gas in the construction roadway can be quickly discharged outside. In order to investigate air quality in the working area (approximately 300 m away from the excavation face), there were a total of four cross-sections to be monitored in the numerical simulation, to obtain variation of CO with ventilation time as shown in Figure 9a . CO concentration in the working area basically decreased below the safety standard value of 30 mg/m 3 after 10 min of ventilation, which meets the requirements of safe and rapid construction. Under the promotion of two jet fans on the upper bench, the high concentration CO region moves rapidly towards the connecting roadway. When it reaches the position of the jet fan in the middle bench, CO concentration decreases greatly and the diffusion range increases. This is because the larger air velocity at the outlet of the jet fan makes fresh air and pollutants mix fully and move forward as shown in Figure 9b . 
Axial Fan Arrangement at the Shaft Bottom
Under the action of temperature difference inside and outside the cavern, the direction of natural wind in the shaft can be changed. Therefore, under the condition of air intake from the shaft in summer, the axial fan without an air duct, can be installed at the bottom of the shaft to bring fresh air into the main cavern. However, a reasonable and effective introduction of fresh air into the main cavern is key to implementation of the summer ventilation scheme. There are nine simulation cases of different axial fan position as shown in Figure 10 . The introduction velocity of fresh air in each case is depicted in Figure 11 . It can be found that the introduction effect of case five is best, where the introduction velocity at the inlet of the axial fan reached 8.65 m/s. In case seven, the introduction velocity at the inlet of the axial-fan was only 4.10 m/s, which is the worst of the nine cases. Figure 12 displays the profile of the air velocity field near the axial-flow fan, when the fan arranged at position three is very close to the vertical shaft. Under the combined action of natural wind and fan jet, a large eddy region is formed in the upper left of the fan, which is not conducive to advancing fresh air flow. Where the fan is located at position five, just on the middle line of the shaft section, natural wind velocity of the shaft can reach the maximum value. The proper distance between the fan and the shaft provides more entrainment space of natural air flow and forms an orderly air flow path. Since the fan arranged at position seven is far away from the shaft and not on the middle line of the shaft section, the entrainment effect of the surrounding air is not obvious. 
Ventilation Effect of the Winter Ventilation Scheme
Air velocity distribution in the cavern is shown in Figure 13 . Since the entrance of the construction roadway is in a state of natural air intake most of the time, especially in the winter with low temperatures, air velocity in the main cavern can be increased to a certain extent. Natural wind at the entrance of the construction roadway is sent to cavern four through the connecting roadway, at the value of 1.2 m/s. However, the natural air velocity of cavern one to cavern three is slightly lower with the value of 0.8 m/s because there are three caverns on the left side of the construction roadway. The fresh air supplied by the duct near the excavation face belongs to the semi-confined jet. Due to the restriction space of the middle bench and the continuity of airflow, there is a flow contrary to the jet direction. Nevertheless, since natural wind entering the cavern is greater than the wind velocity returning from the excavation face, the airflow in the whole cavern always moves toward the shaft. Figure 16 . CO concentration of the cross-section 300 m from the excavation face is taken as the study object. As the temperature difference increases, the peak value of CO concentration increases slightly, but ventilation time to reach the control standard decreases greatly. Under the same temperature difference, the ventilation effect in winter is better than that in summer. 
Conclusions
This paper presents a new option for the construction ventilation scheme of large-scale cavern groups. A three-dimensional numerical model validated with field test data is firstly performed to investigate air velocity and CO concentration of different ventilation schemes. Then, the ventilation performance according to the axial fan arrangement at the shaft bottom in the model cavern is evaluated. Finally, the influence of temperature difference between the inside and outside on natural ventilation is discussed. The following conclusions are drawn:
(1) After upper layer excavation of the cavern is completed and connected with the shaft, the network gallery ventilation mode can be formed by making full use of the shafts to introduce fresh air or remove polluted air. The ventilation path is scientific and reasonable, which solves many problems such as a large air volume, multiple working faces, and a large amount of pollution in construction.
(2) The fresh air supplied by the duct near the excavation face belongs to the semi-confined jet. Due to the restriction space of the middle bench and the continuity of airflow, there is inevitably a flow contrary to the jet direction. Hence, use of the winter ventilation scheme must ensure that airflow is always moving towards the shaft.
(3) The CO concentration in the working area of the cavern has basically dropped to a safe concentration of 30 mg/m 3 in the air inlet and exhaust schemes after 10 min of ventilation, which can meet the requirements of safe and rapid construction. Because of the short moving path of polluted air in the air exhaust scheme, CO concentration of the whole cavern basically decreases to a safe value after ventilation for 20 min, under the combined action of natural ventilation and mechanical ventilation. Therefore, the construction ventilation scheme can be chosen flexibly according to the distance between the excavation face and shaft location.
(4) A reasonable and effective introduction of fresh air to the main cavern is key to the implementation of the air inlet scheme for the shaft. The optimal placement of the axial flow fan at the bottom of the shaft is on the central axis of the cavern, 5 m away from the shaft, where its air introduction efficiency is the highest. Effective use of natural wind can improve ventilation performance to a certain extent. The greater the temperature difference, the better the natural ventilation effect of the shaft is. The natural ventilation effect of the shaft as an outlet in winter is better than that of the shaft as an inlet in summer.
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